Abstract. The common oxides of plutonium are the dioxide (PuO 2 ) and the sesquioxide (Pu 2 O 3 ). The nature of an oxide on plutonium metal under air at room temperature is typically described as a thick PuO 2 film at the gas-oxide interface with a thinner Pu 2 O 3 film near the oxide-metal substrate interface. In a reducing environment, such as ultra high vacuum, the dioxide (Pu 4+ ; O/Pu=2.0) readily converts to the sesquioxide (Pu 3+ ; O/Pu=1.5) with time. In this work, the growth and evolution of thin plutonium oxide films is studied with x-ray photoelectron spectroscopy (XPS) under varying conditions. The results indicate that, like the dioxide, the sesquioxide is not stable on a clean metal substrate under reducing conditions, resulting in substoichiometric films (Pu 2 O 3-y ). The Pu 2 O 3-y films prepared exhibit a variety of stoichiometries (y~0.2-1) as a function of preparation conditions, highlighting the fact that caution must be exercised when studying plutonium oxide surfaces under these conditions and interpreting resulting data.
Introduction
The oxidation of plutonium metal continues to be an area of considerable activity. It is likely to remain so as long as the stability of this actinide metal continues to puzzle investigators. While the oxidation states, stoichiometries and crystallographic structure of plutonium oxides in the bulk powder form have been studied and elucidated, the body of knowledge regarding the nature of oxide films on the metal surface is not as extensive. Traditionally, the stable oxides of plutonium at room temperature have been thought to be plutonium sesquioxide (Pu 2 O 3 , Pu 3+ ) and plutonium dioxide (PuO 2 , Pu 4+ ) [1] [2] [3] [4] . A recent study of the possibility of hyper-stoichiometric oxides of plutonium [5] concluded that PuO 2+x , while present at the surface, is not stable as a bulk phase. In another study, the instability of PuO 2 films on plutonium metal substrates, as evaluated by the metal oxidation state transformation (Pu 4+ to Pu 3+ ) in a reducing environment, was evaluated [6] . From this work, a diffusion coefficient for oxygen through plutonium sesquioxide was obtained.
Surface-sensitive techniques, typically under ultra high vacuum (UHV) conditions, are often used for the study of the surface chemistry and electronic properties of plutonium and its oxides. In order to accurately understand and interpret results, a detailed knowledge of how these surfaces are prepared and how they behave under a variety of conditions is required. We report here how preparation conditions of thin oxide films on plutonium metal affect the resulting surface, as well as results that indicate some stoichiometric instability of thin Pu 2 O 3 films on clean plutonium metal.
Experimental
The work presented here was carried out on a Kratos Axis Ultra XPS instrument with a typical base pressure of 5 x 10 -10 Torr. Data was acquired using a monochromatic Al Kα radiation source (1486.7 eV). The poly-crystalline sample used for this study was high-purity (~ 160 atomic ppm C), electrorefined plutonium, stabilized in the δ phase with gallium (~2 atom % Ga). This sample was cleaned with repeated cycles of argon ion sputtering and annealing (450 o C) until the carbon and oxygen signals were below the limits of detection for these transitions. The sample was oxidized by introduction of O 2 (Scotty Specialty Gases, 99.99%) into the vacuum chamber. All data analysis was performed with CasaXPS software using a Shirley-type background [7] . Binding energies for all data sets were adjusted to set the Pu 4f 7/2 transition for the 3+ species at 424.4 eV. This resulted in observed Pu 4f 7/2 transitions at 426.0 eV for the 4+ species and 422.0 eV for the metal, as well as O 1s transitions at 530.0 eV for the sesquioxide 529.8 eV for the dioxide, and 532.0 eV for a possible surface hydroxyl species. Additionally, a feature at ~ 534 eV is observed on samples analyzed after spending significant time in the vacuum system between sputter-cleaning cycles (>6 hrs.), and as such is likely an adsorbed surface-contaminant from residual gases in the system. These binding energies are consistent with what has been observed previously for the plutonium-oxygen system [3] [4] [8] [9] . All data sets shown have been normalized to the Pu 4f intensity.
The separation of Pu 4f XP spectra into their individual components can be difficult and subject to variation in the fitted values due to factors such as start and end of the background region, full widthhalf max (FWHM) of each component peak, and Gaussian/Lorentzian character of the component peaks, among other factors. Small changes in these parameters can lead to variation in the determined values of Pu 3+ /Pu 4+ as well as the O/Pu concentration ratios. Great care has been taken to systematically analyze all of the data presented here with the same model (i.e. same peak shapes, FWHM, etc.) and boundary conditions. Based on the signal to noise and variations in the model fit, the error in the concentrations reported here are estimated to be ± 0.03 for O/Pu and ± 0.05 (5%) for relative concentrations of Pu species. This is imperative to be able to qualitatively compare the results and reach valid conclusions regarding the stoichiometry of the prepared oxide films. The Pu 4f XP spectra for oxidized plutonium metal surfaces can be fitted with a doublet consisting of two asymmetric components for the Pu 3+ species (4f 7/2 and 4f 5/2 spin-orbit coupled doublet) and symmetric components with satellites for Pu 4+ . For surfaces showing the presence of the metallic species, a doublet of asymmetric peaks can be used. Both the 4f 7/2 and 4f 5/2 transitions were included in the model used to fit the data. Any contribution to the Pu 4f intensity due to the metallic species was subtracted from the Pu concentration when determining the O/Pu concentration ratio to give an accurate estimate of the stoichiometry of the oxidized plutonium species (O/Pu ox ).
Results and Discussion
Accurate relative sensitivity factors (RSF) for transitions of interest are required for quantification of surface species with XPS. Relative sensitivity factors take into account variables such as the photoelectron cross-section and analyzer transmission efficiency (i.e., transmission function). The RSF's for a given instrument are typically provided by the instrument manufacturer. In the present work, a value of 0.78 was used for the O 1s data and 0.278 for the C 1s data (both relative to a F 1s value of 1), as provided by the instrument manufacturer. However, no RSF was provided for plutonium, as it is a hazardous and radioactive material with strict access and handling requirements.
There are several reports of the Pu 4f RSF in previous studies. One such study used calculated photoelectron cross-sections and a known sensitivity factor (U 4f) to determine the RSF for Pu 4f and other transuranics [10] . A value of 17.87 was reported for the Pu 4f region (10.21 for the Pu 4f 7/2 ) relative to a F 1s value of 1. Another study in which data from oxidized plutonium was used to experimentally determine the Pu 4f RSF reported a value of 92.1 relative to a C 1s value of 1 [11] . These values, when referenced to the same transition, are different by approximately 25% [11] . This would lead to a corresponding relative concentration variation of 25% on Pu surfaces depending on the RSF used. In order to be more confident in the oxygen to plutonium relative concentration ratios reported in the present study, we have also worked to determine a RSF for the Pu 4f transition. The RSF for plutonium used in this work was estimated by comparison of calculated photoelectron cross-sections [12] to RSF's for other 4f transitions provided with the instrument from the manufacturer. This resulted in a value of 20.62 for the Pu 4f transition relative to a F 1s value of 1.00. Using the RSF for the C 1s transition provided with the instrument used here (0.278), a value of 74.18 for the Pu 4f transition is obtained when setting the C 1s value at 1. The Pu 4f RSF obtained here is between the two values previously reported [10] [11] . Further confidence can be gained in the RSF by comparing quantification results from data with known stoichiometries. Figure 1 shows spectra (Pu 4f and O 1s) from two plutonium oxide films. Fitting the Pu 4f data shown in the black spectrum indicates a surface consisting of 55% Pu 4+ species (426.0 eV) and 45% Pu 3+ species (424.4 eV). The expected stoichiometry of this film can be estimated assuming oxygen to plutonium concentration ratios of 1. Figure 1 are from a surface consisting nearly entirely of Pu 3+ (98% to 2 % of the 4+ species). Similar quantification of this data results in an O/Pu concentration ratio of 1.38, somewhat lower than the expected value of ~1.5. There are several possible explanations for this low value, as will be discussed later. accounts for ~65% and ~85% of the Pu 4f signal respectively, to the 80 L data point where the Pu 4f signal is due entirely to oxidized plutonium. The C 1s region for both experiments was monitored to ensure the absence of carbon, especially carbide species throughout the duration of the experiments. This figure also seems to indicate that the initial stage of oxidation is somewhat faster at 10 -8 Torr, by the higher initial slope in the growth of the Pu 3+ species. However, when the pressure difference of the two experiments is considered (factor of 10), the oxidation of plutonium at 10 -8 Torr occurs much more slowly than at 10 -7 Torr. Figure 3 shows the results from another set of experiments in which clean plutonium metal surfaces were exposed to 30 L of oxygen at 1×10 -8 , 5×10 -8 , and 1×10 -7 Torr. These include the same exposure pressures as were used for the studies presented in Figure 2 . The oxygen exposures in Figure 3 were performed in a single step, as opposed to multiple steps used in Figure 2 . The 30 L exposure at 1×10 -8 Torr of oxygen produced an oxide film with an O/Pu ox ratio of 1.08, close to the value obtained for the films prepared in Figure 2 . However, unlike Figure 2 , this exposure resulted in oxidation of nearly all (~95%) of the plutonium observed in the near-surface region. For a 30 L exposure at 1×10 -7 Torr of oxygen, a higher O/Pu ox value of 1.3 was observed. The Pu 4f region also shows the absence of metallic Pu, indicating that the analyzed surface is composed entirely of oxide. The exposure at 5×10 Temperature during oxygen exposure also influences the stoichiometry of plutonium oxide films. Auto-reduction occurs in vacuum at room temperature due to the diffusion of oxygen from PuO 2 through the sesquioxide film and subsequent reaction with metal at the interface [6] and can hinder XPS data collection on PuO 2 thin films. The exposure of plutonium to oxygen at low temperature stabilizes the PuO 2 /Pu 2 O 3 film on the metal surface by slowing diffusion to a point where the film does not undergo auto-reduction. This allows for data collection from a film in which the composition (O/Pu concentration ratio and relative concentrations of plutonium species) within the oxide film does not change. figure) illustrates the O 1s and the Pu 4f region of an oxide film grown under sub-ambient conditions. The sample holder was cooled to -150 o C, however, as plutonium produces heat due to radioactive decay, the temperature of the sample is not precisely known, but is likely below -50 o C. This oxide film prepared at sub-ambient temperatures was composed of a Pu 4+ /Pu 3+ ratio of approximately 1 with a small amount of Pu metal (6%) and an oxygen to oxidized plutonium ratio (O:Pu ox ) of 1.71. o C (red data). Also shown in blue is the data obtained after allowing the subambient sample to warm to room temperature.
Also shown as the blue spectrum in Figure 4 , is the resulting spectrum from allowing the film obtained by a 30 L exposure at sub-ambient temperature (black spectra, discussed above) to warm to room temperature and undergo auto-reduction. The Pu 4f spectrum now consists entirely of the Pu 3+ species with no metal or Pu 4+ observed. The corresponding O 1s spectrum yields an O/Pu concentration ratio for this film of 1.20. As seen in Figure 4 , the Pu 4f spectra for the film grown at 75 o C (red) and for the sub-ambient film warmed to room temperature (gray) are identical, resembling what is expected for Pu 2 O 3 , yet the corresponding O 1s spectra show that they have different oxygen to plutonium stoichiometries. The existence of an oxide of plutonium lower in stoichiometry than the sesquioxide (Pu 2 O 3 ) has previously been reported [13] . XRD studies indicated the conversion of Pu 2 O 3 upon heating (>250C) to a rocksalt structure historically interpreted as the monoxide (PuO). Subsequent investigations employing XPS concluded that the proposed conversion of Pu 2 O 3 to PuO upon heating was likely the formation of plutonium oxycarbide (PuO 1-x C x , x~ 0.3) [14] . The thin oxide films studied here were grown on clean plutonium surfaces at a variety of temperatures, all of which are significantly below the temperatures required for the formation of the oxycarbide. Analysis of the carbon 1s region of the XP spectrum shows no evidence of carbide (~282 eV) before or after oxygen exposure. In addition, the O/Pu for these thin films is significantly greater than what would be expected for PuO 1-x C x . Figure 5 offers a comparison of the representative XP spectra for plutonium sesquioxide, plutonium oxycarbide, and the sub-stoichiometric plutonium oxide thin films prepared in this investigation. The black spectra in Figure 5 were obtained after Ar-ion sputtering of a sample that had an oxide/oxycarbide surface layer. While the exact nature of this film is not known, it clearly exhibits the presence of a carbide-type carbon at 282.7 eV. Quantification of the O 1s and C 1s data for this oxycarbide film yield concentration ratios of O/Pu = 1.23 and C/Pu = 0.23. The absence of significant carbide peaks in the C 1s region for the higher stoichiometry sesquioxide film (O/Pu = 1.37, blue spectra) as well as the lower stoichiometry film (O/Pu ox = 1.08, red spectra) indicate that these films are relatively pure oxides. The C 1s region also contains the broad Pu 5p 1/2 feature, making detection of low concentrations of carbon species difficult. Based on the low sensitivity for C 1s and its spectral overlap we estimate our limit of detection to be C/Pu ~ 0.1 in the oxide films. The data presented here clearly indicates that plutonium sesquioxide thin films, under reducing environments, exhibit a wide range of stoichiometries. The ~100% Pu 3+ spectrum in Figure 1 (red) Figure 1 must represent stoichiometric Pu 2 O 3 (i.e., O/Pu = 1.5), the corresponding adjustment of the Pu 4f RSF would still give low O/Pu ratios ranging from ~1.1-1.4 for the oxide films in Figures 2 and 3 . This adjustment to the Pu 4f RSF would also give a higher than expected stoichiometry for the films containing ~50% Pu 4+ shown in Figures 1 and 4 , concentration ratios of approximately 1.95 and 1.85, respectively.
Although the O/Pu stoichiometry for the films prepared here exhibit a large range, analysis of the Pu 4f region shows virtually identical spectra for the entire oxygen content range. This indicates that while the formal oxidation state of the plutonium cations in Pu 2 O 3 must be changing from predominantly 3+ to 2+, the electronic structure (as observed with XPS) is not changing significantly. In the absence of data to help elucidate differences in the crystallographic structure of these substoichiometric plutonium oxide films, and the similarity of the Pu 4f XP spectra, they are tentatively described as Pu 2 O 3-y , y~ 0.2-1 (PuO 1.4 -PuO 1.0 ).
Conclusions
Many previous studies on Pu oxidation and Pu-oxide thin films assume that plutonium sesquioxide is the stable oxide at the oxide-metal interface on plutonium metal. The present work indicates that a sub-stoichiometric plutonium oxide (Pu 2 O 3-y ) exists under reducing environments (i.e., UHV). Based on the high reactivity of plutonium towards oxygen, it is not unreasonable to expect this substoichiometric behavior to occur near the oxide-metal interface in plutonium oxide thin films. While shown to be stable in the bulk phase, plutonium sesquioxide (Pu 2 O 3 ) films on clean plutonium metal show a significant level of stoichiometric instability under reducing conditions, perhaps similar to what has been shown for plutonium dioxide (PuO 2 ) films on plutonium metal.
